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A. Abstract "

xper ental determination of the impedance characteristics of' a

cut-off "ideal' parallel plane diode and an analysis of the rosults obtaiied

have demnstrxted the importance of the characteristics of the oxide coated

cathode on tube behavior at high frequencies. Based upon the fundarental

field equation and guided by the experimental results, the impedance of the

oxide coatinC has boon derived. The analysis shows that the impedance

properties of tne coating aro governed by the effective coductivity, the ,/
effective dielectric constant, and the effective Maxwell time of relaxation-

of the coating. These are properties influenced by the cheuncal copositionfl ,

of the coating and its physical characteristics as well as~terporatue and-

frequency at' opetution. Sugiestions as to further experimentation are given

as well as some discussion on the influence of the impedance of the oxide
coating on the impedance propeities of tubes

B. Impedance Equations

la Oxide Coating Impedance

As a starting point in describing the behavior of the oxide coating
we assimune that for plane waves harmonic in time, the fundamental equation

invy be applied.

where

I is the total currint density in an:pores per unit area (centimeterj.'

E is the electric field intensity in volts per centineter.

6"e is thie effective conductivity in mho per centineter.

e is the effective dielect:ic oonptant in farad per centimeter

CD is the angular velocity in radians per second.

Let t be the thickness of tie oxide coating, then if V is the a-c voltage
appearing across the coating,

E (2)
t

T he re fore I 1 (Se+J (3)

t

Thus the oxide comtin; impedance becomeeg

I t (4)Zc~~~ W &- o e
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c e + .-.e j + L ,&e

2. Cut-OTf Diode Impedance

Assume an ideal parallel plane diode having an oxide coated
cathode operating with a highly negative voltage between the anode and the
cathode. Neglecting the influence of the electrons in the virtual cathode
and the impedance of any blocking layers in the oxide catthode we cun write
for the impedance of the cut-off diode:

+ Z, "- - - 2

1I C It 1 1 +( "- _= f (6)Zd = J c e + 6 2 C C

where C is the capacitance between the anode and the surface of the ooatinr.,
Equation (6) shows thatthe impedance contains, in addition to a capacitive
component, a real component of impedance.

Two extreme cases are of interest: In the first case the period
of the test frequency is much greater than the effective Maxwell "tine of
relaxation"

(Tr  - Thus a ( 1 (7)re Ce

In this case the conduction current greatly predominates over ths displacement
current and Eq. (6) simplifies to!

Zd 1 + 2 (8)

In the other extreme case the period of the test frequency is nuch Less than
the relaxation time and

6 ) > . (9)

ce

For this case the displacement current predominates over the conduction
current and Eq. (6) can be written an?

67e t J C

Zd z 2 - - +-t (10)
F_ &e WCOI- ee-

Both Bqs° (8) and (10) arc subject to the assuriptions Tade regarding Eq. (6)
For F, diode havin F finite series lead inductancos, an inductive reactive
conpon1o.nt must be added to Eqs. (6), (9), and (10).
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C. Cut-Off Diode Impedance Measurements

Some proliwinbxy moaSUrorients were r~sde by tho authom on the typo
559 Lighthouse diode w,..ch illustrate, in a ,3nora, way , the validity of the

equations given in tho pr'ecedinr sect'lon. As can be soon from tho) sketch

of the diode, shown in Fig. ?v!!,I- 10790, the tube is to a fair degree of

Accuracy an ideal parallel plano diode riaving very amall lead inductances.
The test data were taken at a frequency of' 200 mc/Sec. USiig the tent
circuit 1-iven in Fir-. Mi),I-1.0799.

Due to an uncertainty of the exact value of C in Eq. 6 and the
snail influence of the lead inductances only the real component of the
measured cut-off diode impedance io studied. A typical calculation of this
component, fromn the experimental data, is given in the Appendix.

1. Real Compornent as a Function of Catznodo CoatinC Thickness

Fig. M~i-l0800 shows an experimentally deten~iined curve of the real
component of impedance of the cut-off diode, at 200 mc/sec., as a function
of cathode coating thickness. Each point represents an average of 3 or ii.ore

tubes having, catriodes sprayed to the spocified nominal coating thickness and

density, Since the curve shows an approximate straight line relationship,

the broad aspects of the assurrptions regarding the negligible influence of
the electrons in the virtual cathode and impedances of blockin(g layers in
the oxide cathode sre justified at 200 me/spee0

2. Real Component as a P'urotion of Heater Voltage

Fig. J1QI-1O801 shows an experimentally daterained curve of the
real component of 200 nc/sec. impedance of the cut-off diode as a function
of heater voltage. Those results show that at low heater voltages the real
component is very small but increases to a maximum as the heater voltage is
increased and then decreases again to a low value upon further increase of
the heater voltafge0 This is to be expected, since for semiconductors, the
followinrg equat ion appl ~es approximately:

A BT(n1)Ue e

where T is the absolute tenperature of the cathode coatinf- and. A and B are
constants, or slic-htly temperatl.re dependent constants. It is evident 'that
at tile low heater voltages de is very sriail so that e/ Ge is; larrge.
Thus Eq. (10) is valid and the real component increases with increasing
cathode coating conductivity (heater voltage). At the higher heater voltages

6-, becones large and 4fe/ 6- small. Eq. (8) then; applies and, for this
case, the real cciaponent decreases with increasing conductivity (heater
voltage)0 For intermediate values of heater voltage the relaxution time is
of the sate order of mat;rnitude as tne period of the test frequency and the
complete 9e-prension riven by Sq. (6) must be used. An inspection of' this
equation shows tnat, as a function of 6-0 a maximum~ value should occur.
These expected results are broadly confirnod by the ex~porimental results
shown in Fir. WtI-10801.
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D. Notes (orarddiz, F'urther ERxerimentation

The expe:tiir.onts run have been exploratory in nature, having served
the purpose of verifying the coat.ng impedance equation in its broad sense.
Inpiroveme:,ts in the experimentation have surgoted thor:solves and are discussed

b rio"i below.

It Ls evidunt that Jor accurte dotormiinutions of e, and T
it is essential to use a diode having no lead inducntnoesktnown seed' to
c&t'-ode spainp so that C, in Eq. (6), can be cnziculated . It would tinen be
Poi-Jil'le to obtuin tite coatin ir, mpedtinc by subtrw'tiug (l/jt.,c) from the
op.'imntallv I0tM:inod cut-Qff (tiodo ni neadRnce. Sinc- tho rttio Cf the
inarinary to real coirponent of tnis i)oodwedcO ico riven by

Tan 0 - 8('

- hnr e is the irmpedanc,) a-r!e, the vailues of ()e &z~d are roadii:!
deteirined frort Eq. (5). The rosLilt of course, are subject to the
assumptions made in deriving Eqs. (5) and (6),,

k sec )nd method which could be developed would be an elaboration of
the adjustable anide-cathode spacinf. diode used in studies of the cathcde
coating intorface characteristios. 1  In this case the anode could Le adjusted
to contact the surface of the cathode coating, after the nomal activat;.on
procedures are complete and Eq. (5) could then be applied directly° In order
to eliminate therral gradients in the coating which might cause err'ors in the
exerimenta! results it would be desirable to heat the anode by means of an
auxiliai, heater, until the temperature of the anode equaled, or differed from
by a specified amount, the temperature of the cathode base rietal.

In either method, if lead inductances are present, their inAfluences
ar3 readily 'norrected for.

E. Conclusions

From considerations of the field oquation for plane waves hamionic
in time an apjrcxiate expression for the high frequeucy impedance of t.3) oxide
coating; is derived here and expeir.ents have been "erfcred which, at least
in an approximate m.anrer, ver.ify the validity of the assunptions nadceo Since,
in tubes having oxide cathodos, both displacement mnd conduct on currents must
flow through the coatinr in order to reach the cathode base inetal, this ccting
impedance must be accounted for in calculations of trta] tube iinpodance., As a
partLcu-ar exar.ple, the influence of the coating impedance on the impedance of
a cut-ofi' ideal parallel plane diode has been studied. Extensions to other
modes of operatlon and tube types are obviously possible.
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Althoughl the expo:-imrital ross.lte were of a prmliinrary, iwur'o, th.e
follw. ng- astintites of' thil orior of mcf-nitudin of' t%,) effectivia .c~~iy
dieloctric- oonstanit, aid "tilme Oire MaXatiO11" art) of into.--etI

10 3o to 10-4 NL o/cmi,

e < 2 x 10o 1 f a rod/OrIQ

e- Tr 10 - 0- Sao

These apply Vor tne lcllowin- coriditionst

Cath~ode coatingi triple carbo~nates.
Cathode base meotal: Grade A nickel.
Cathode coatin- density. 0.8 - 1.8 grn0 /cubic cm. (nominal)
Cathode teiaperature*1 02b 0 K

Tos frnqu-ery: 200 :: e

Refinemnent~s of' t-ic tctiniques used prornise to be useful in nakinr, accurate
determ iiation3 of f, F-0, and Tr as a function of catnode matnrial, cathode
tot.perature, i~ frequency of operation, The, preilbrtinary res(ults alroarly
obtainied rave indicated that cathode so'ray density rar-kedly affectS the Value
of Tr.

A sirnificarnt conclusion to Lie derived frcm the experimeontation
is that the hiP-h resistance known to exist at thie int-7rface r OCion j2,, of

t G-i~s A nicke'L cathore does not appear to be prosert in thie experim~entally
determined coatlzr resistance. Thin is undoubtedly dlie to the relati-vely
large capacitance which shunts the blockinf; layer resiutance (i.e. an effective
large "tim~e of relaxation") causing the blocking layer to have a very7 low
capacitive A-oactarci at ZOO inc/sc

It is also ititorastiniC to note the impor-tant role played by. the
Aieilectric comislant and the "tine of relaxation". While many referoncas on
th-e conductivity characteris t4CS of the oxide cathode have appeared in thle
lite.'aturo, no references, in the knowledge of tne writers, h-ave been m..wde
to th.3se twto impoitant propemi.es,

Furthor anaclysis and experixnentution or. th,3 behavior of tubes ',ha7in
oxide cathodes at hif9i frequencies are uinder way as part. of a thesis program
of one of the authors,* for tne deg-ree of ductor of electrical erigiueu.ringo

G. C. Dalmnnk
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A ppenidi x

Since the general methods of mwat-urine impedanceB usinl it Q uiter

air well kuwri, the following caloulations are pr.sonted in a condoiaed fnrm,

4
To determine Lho roalcumponont, for Qvs rgreatir than 10, we 'ave,

C+ C QI-z
r - 1 (13)

r - Q1 Q2

where r is the rnel component of Eq. (6).
o in the capacitive component of Eq. (6), fatrads.

W is 2n x test frequency, (cps).

Q1 is tho Q of thu Q meter with the unknown impedance (catode ijot heated).

Q2 is the Q of the Q rioter with the unknown impedance (catrhode heated).

Typical calculation:

Filament voltage - 6o3 volts.
f - 200 mc/seco

- 245.

_2  85.
C C - 17.5 uufo

T~tal Rnodo-rathode capacitance - 2.7 uuf.
Stray capacit!,nce Q 1.0 uuf.
C - 2.7 - 1.0 1,7 uufo
Cathode area - 0.33 cm. 3

Cathode thickiness -." 3 x 10" inches.

CAthodie coating density - 0.8 gms./Cn. 3

Calculated value of r, applying Eq. (19):

17.5 10 245 -85 1 315 ohms/;mo2

(1.7) 2w • 200 245 ' 85 033
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